Introduction
Viroids are single-stranded, circular RNA molecules that only infect plants. Different viroids have between 246 and 375 nucleotide residues and all are presumed to form extensive intramolecular base-pairing resulting in a rod-like structure (S/inger et al., 1976; S/inger, 1987; Symons, 1990; Diener, I991) .
The construction and biological characterization of artificial viroid chimeras have provided interesting insights into the biology of viroids and their genomic flexibility. Alternative processing sites in potato spindle tuber viroid were found by constructing chimeric viroid transcripts and testing their infectivity (Hammond eta]., 1989) . In order to investigate the role of individual structural domains in viroid replication and pathogenicity, Visvader & Symons (I986) constructed chime-Author for correspondence: Reiner L. Spieker.
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The sequence data reported here have been submitted to the EMBL database and assigned the accession numbers X95365 (for CbVd 2-RL), X95366 (for CbVd 1 -RL), X95364 (for CbVd 3-RL) and X97202 (for CbVd A-1 ). ras from mild and severe isolates of citrus exocortis viroid, and Sano et al. (1992) produced a series of interspecific chimeras by exchanging the terminal left and the pathogenicity domains between tomato apical stunt viroid and citrus exocortis viroid.
Three viroid species have been isolated from plants of various Coleus blumei cultivars (Spieker et al., I996) . Coleus blumei viroid 2 (CbVd 2) is so far the only known true viroid chimera that occurs naturally. It represents a fusion product of the right half of CbVd I and the left half of CbVd 3 (Spieker et at, 1996) . As hitherto an 'inverse' chimera has not been found in Coleus plants, it was of interest to investigate whether such an 'inverse' viroid chimera would be 'viable', i.e. able to infect Coleus plants and replicate therein. It is shown here that artificial 'inverse' Coleus blumei viroid chimeras may have the potential to evolve in planta leading to the emergence of infectious viroid-like RNA replicons that have hitherto not been found in Coleus plants.
Methods

• Plant culture, viroid transmission and viroid purification.
Plants of Coleus blumei cultivar (cv.) 'Scarlet Dragonfly' and cv. 'Ruhm yon Luxemburg' surveyed in our study were grown in a greenhouse. All infectivity assays were performed in a greenhouse according to Spieker et ul. (1996) using viroid-ffee plants of Coleus blumei cv. 'Scarlet Dragonfly' and plants of both cultivars harbouring CbVd 1-RL and CbVd 3-RL. To detect possible viroid infections in Coleus blumei and for viroid purification, total nucleic acid was isolated from Coleus leaves according to Spieker ef aI. (1996) . Detection and isolation of viroids by bidirectional PAGE were performed as described (Spieker ef al., 1996) .
• Northern blotting. Glyoxalation of extracted nucleic acids prior to electrophoresis, Northern blotting to Qiabrane (Qiagen) and molecular hybridization were performed as previously described (Wassenegger et al., 1994) . For filter hybridization, [y-~P]ATP-labelled primer pCb, which is specific for Coleus viroids (Spieker et al., 1996) , was synthesized in standard reactions (Sambrook eta/., I989) .
• PCR reaction, cDNA cloning and sequencing. PCR Element D1 (from CbVd 3-RL cDNA), pChlDA (5' dCTTAC-CTGGGTTCCCTGGCAG 3'; corresponding to nt 78-98 of CbVd 3-RL) and pChlDB (5' dCGAACCGGATCCTTTGCAATCG 3'; compiementary to nt 264-285).
Element C2 (from CbVd I-RL cDNA), pCh2CA (5' dACTCA-GGTAAGAACTTTTTC 3'; complementary to nt 29-49 of CbVd 1-RL) and pCh2CB (5' dACCCGGTTCGAACCTCTTTTC 3'; corresponding to nt 203-223).
Element D2 (from CbVd 3-RL cDNA), pCh2DA (5' dGAGC-TTACCTGGGTTCCCTGGCAG 3'; corresponding to nt 75-98 of CbVd 3-RL) and pCh2DB (5' dGAGCGAACCGGATCCTTTGCA-ATCG 3'; complementary to nt 264-288).
Elements C1 and D1 were ligated randomly and cloned using standard protocols (Sambrook et al., 1989; see above) . Plasmids containing the monomeric unit of CbVd-Chl were then used to generate monomeric fragments of CbVd-Chl using the primer-pair pChlCB/pChlDB. These monomeric units were also ligated randomly and cloned. Plasmids containing dimeric CbVd-Chl cDNA units in a head-to-tail orientation (tandem cDNA dimers) were chosen for in vitro transcription. All cloned units were confirmed by sequencing before using them for in vitro transcriptions.
The dimeric CbVd-Ch2 cDNA unit was constructed in the same way using the other primers given above to produce elements C2 and D2. For PCR-generation of the monomeric CbVd-Ch2 unit from randomly ligated and cloned fragments the primer-pair pCh2CB/pCh2DB was used. Ligation of the monomeric units produced plasmids containing tandem cDNA dimers of CbVd-Ch2.
Dimeric (+) RNA-transcripts of CbVd-Chl and CbVd-Ch2 cDNAclones were synthesized in vitro in standard T3/T7 RNA polymerase reactions (Sambrook ef al., 1989) . Test plants were inoculated with 1 I*g of RNA-transcript per plant as described (Puchta et al., 1988) .
• RNA sequence determination. End-labelling of viroid-specific DNA oligonucleotides and reverse transcription of CbVd A-1 and CbVd A-2 RNA with M-MuLV reverse transcriptase (BRL) were done as previously described (Schn61zer et al., 1985) . For this purpose the following three synthetic oligonucleotides were used as primers: first, the 'universal primer' for CbVd-like viroids (Spieker et al., I996) , pCb (5' dAGCGCTGCCAGGGAACCCAGG 3'; complementary to nt 49-69); then the two primers pCb4A (5' dACCGGATCCTTTGCAATCG 3'; complementary to nt 231-249) and pCb4B (5' dCTTCTAGTCTGCG-AGAC 3'; complementary to nt 132-I48). The corresponding primerextended CbVd A-cDNAs were sequenced by a combination of the five G-, G/A-, T/C-, C-and A/C-specific chemical deavage reactions according to Maxam & Gilbert (1980) .
• Synthesis of viroid-cDNA and infectivity assays of CbVd
A-1 and CbVd .6,-2 cDNA-transcripts. First-strand cDNA was synthesized from isolated CbVd A-1 and CbVd A-2 RNA with reverse transcriptase as described (Schn61zer et al., 1985) using the primer pCb or pCb4A. CbVd A-I and CbVd A-2 cDNA was PCR-amplified using the CbVd A-specific primer-pairs pCb/pCb4R and pCb4A/pCb4AR. The backward primers have the following sequences: pCb4R, 5' dGCAAC-GGAATTCAGGGCG 3' (corresponding to nt 70-87); pCb4AR, 5' dCCGGTTCGAACCTCTTTTCT 3' (corresponding to nt 250-269 of CbVd A-1 and to nt 251-270 of CbVd A-2).
PCR reactions, cDNA cloning and sequencing were done as described above. Dimeric inserts of the cDNA-clones were constructed in a head-to-tail orientation in pT3T7-1ac using standard protocols (Sambrook et aI., 1989) . Dimeric ( + ) RNA-transcripts of CbVd A-I and CbVd A-2 cDNAclones were synthesized in vitro in standard T3/T7 RNA polymerase reactions (Sambrook et al., 1989) . Test plants were inoculated with 1 ~g of RNA-transcript per plant as described (Puchta et al., 1988) .
• Computer calculations. Secondary structure analysis of the CbVd A-1 and CbVd A-2 sequences was carried out using the RNA folding program RNAFOLD version 2 (Zuker, 1989) with a VAX computer (DEC).
Results
A representation of the sequences and secondary structures of Coleus blumei viroids CbVd 1 -RL, CbVd 2-RL, CbVd 3-RL and the in vitro-generated 'inverse' Coleus blumei viroid chimeras CbVd-Ch I and CbVd-Ch2
Three viroid species (CbVd I, CbVd 2 and CbVd 3) have been detected in Coleus blumei plants of the cvs 'Bienvenue' and 'Ruhm yon Luxemburg' (R. L. Spieker, unpublished) . The sequence variants of these species as found in plants of cv. 'Ruhm von Luxemburg' are shown in Fig. 1 . CbVd 2-RL represents a perfect sequence chimera of the right half of CbVd 1-RL and the left half of CbVd 3-RL (elements A and B in Fig.  1) . A corresponding 'inverse' chimera would represent a fusion product of the left half of CbVd 1-RL and the right half of CbVd 3-RL. Two 'inverse' chimeras (Figs 2 and 3) were constructed as described in Methods. 'Inverse' chimera CbVd-Chl combines element CI of CbVd 1-RL with element D1 of CbVd 3-RL, as is shown in Fig. 2 (please see the 'note' in the legend to Fig. 2) . The border of the two elements is located exactly at the position of the border between elements A and B of CbVd 2-RL (see Fig. 1 ). 'Inverse' chimera CbVd-Ch2 combines element C2 of CbVd 1-RL and element D2 of CbVd 3-RL (Fig. 3) . Fig. 2 . Nucleotide sequence and secondary structure of CbVd 1 -RL and CbVd 3-RL and the design of the 'inverse' viroid chimera CbVd-Chl, presented as a 'virtual' circular viroid. Element Cl is taken from the left half of CbVd 1 -IRL and element D1 is taken from the right half of CbVd 3-RL. (Note: the representation of CbVd-Chl and CbVd-Ch2 in Figs 2, 3 and 4 as circular forms is not meant to imply that these viroids exist in plants inoculated with the RNA-transcript of the tandem eDNA dimer of CbVd-Chl or CbVd-Ch2, but is chosen only for reasons of comparison. In fact, there is no proof that the transcripts of CbVd-Chl or CbVd-Ch2 are processed in vivo to generate the circular forms given here. Hence, these circular forms may be referred to as 'virtual' viroids.) plants of cv. 'Ruhm von Luxemburg', as summarized in Table  1 .
In vitro-generated transcripts of
In vitro-generated transcripts of CbVd-Ch 1 and CbVd-Ch2 are not infectious in viroid-free Coleus blumei plants of cv. ' Scarlet Dragonfly'
Viroid-free plants of cv. 'Scarlet Dragonfly' were the second type of test plant. The tandem cDNA dimers of the 'inverse' chimeras CbVd-Chl and CbVd-Ch2 were used to generate RNA-transcripts of ( + )-polarity, which were used to inoculate ten viroid-ffee plants of cv. 'Scarlet Dragonfly' (see Table 1 ). Using bidirectional gel electrophoresis and Northern analysis, the occurrence of additional viroid-like RNA was monitored 3 weeks and 8 weeks p.i. No additional viroid-like RNA molecules could be detected, as summarized in Table I . Fig. 3 . Nucleotide sequence and secondary structure of CbVd 1 -RL and CbVd 3-RL and the design of the 'inverse' viroid chimera CbVd-Ch2, presented as a 'virtual' circular viroid. Element C2 is taken from the left half of CbVd 1 -RL and element D2 is taken from the right half of CbVd 3-RL.
In vitro-generated transcripts of CbVd-Chl and CbVd-Ch2 are not infectious in Coleus blumei plants of cv. 'Scarlet Dragonfly' artificially infected with CbVd 1-RL and CbVd 3-RL
Plants of cv. 'Scarlet Dragonfly' that had been infected with
were used to generate RNA-transcripts of ( + )-polarity, which were used to inoculate ten plants of cv. 'Scarlet Dragonfy'. These plants had been infected with CbVd 1-RL and CbVd 3-
RL by mechanical inoculation using in vitro-generated (+)
RNA-transcripts of the dimeric cDNA-clones (see Table 1 ). Using bidirectional gel electrophoresis and Northern analysis, the occurrence of additional viroid-like RNA was monitored 3 weeks and 8 weeks p.i. No additional viroid-like RNA molecules could be detected, as shown in Table 1 .
Molecular characterization of the viroid-like RNA
molecules that emerged in Coleus blumei plants of cv.
' Ruhm von Luxemburg '
The viroid-like RNA molecules that accumulated in inoculated plants of cv. 'Ruhm von Luxemburg' were isolated by bidirectional gel electrophoresis (see Methods). Three different RNA-isolates from three plants inoculated with CbVd-Chl and three different RNA-isoIates from three plants inoculated with CbVd-Ch2 were chosen. The complete sequences of these RNAs were established at the cDNA level (synthesized by reverse transcription using the purified viroid RNAs). The 'universal' CbVd-specific primer pCb which is complementary to a sequence motif in the upper part of the central conserved region of the presently known CbVd-group viroids (Spieker et al., 1996) enables synthesis of cDNAs, which were sequenced according to the method of Maxam & Gilbert (1980) . The sequence information obtained in this way was used to synthesize the primer pCb4A. The sequence data obtained with this primer led to the synthesis of the additional primer pCb4B. By elongating these three primers it was possible to 384.= synthesize and sequence three overlapping cDNAs for each isolated viroid RNA. Using reverse transcription of CbVd A-I and CbVd A-2 RNA and subsequent PCR with the two primer-pairs described in Methods, cDNAs of CbVd A-1 and CbVd A-2 were produced and cloned as described. Ten eDNAclones were sequenced and the results of the Maxam-Gilbert sequencing procedures were confirmed.
The sequences of the three RNA molecules isolated from plants inoculated with CbVd-Chl were identical and differed from the sequence of CbVd-Chl. No sequence heterogeneity was found in the cDNA inserts. The corresponding viroid was named CbVd A-1 (see Table 1 ). The sequences of the three RNA molecules isolated from plants inoculated with CbVd-Ch2 were identical and differed from both the CbVd-Ch2 and the CbVd A-1 sequence. No sequence heterogeneity was found in the eDNA inserts. The corresponding viroid was named CbVd A-2 (see Table 1 ).
Sequences and secondary structures of CbVd A-1 and CbVd A-2
The complete nucleotide sequences and the secondary structures of CbVd A-I and CbVd A-2 are presented in Fig. 4 . The circular RNAs of CbVd A-I and CbVd A-2 consist of 295 and 296 nucleotides, respectively, which can potentially form a rod-like structure with about 70 % base-pairing like all the other known viroids. The nucleotide composition for CbVd A-1 is 75 G, 64 A, 81 C and 75 U, corresponding to a G+C content of 52"7 %. The most stable secondary structure of these viroids has a minimum free energy of -110"6 kcal/mol (--462"3 kJ/mol).
The comparison of CbVd A-1 with CbVd-Chl, and that of CbVd A-2 with CbVd-Ch2 are shown in Fig. 4 . Both replicons show two U to A transitions at the same positions and both show the deletion of a segment of 15 and 16 nucleotides, respectively. The deleted segment is located exactly at the border of elements C1/D1 and C2/D2, respectively (for comparison see Figs 2 and 3) .
In vitro-synthesized CbVd A-1 and CbVd A-2 (+) RNAtranscripts are infectious in viroid-free Coleus blumei plants of cv. ' Scarlet Dragonfly'
The cloned cDNAs of CbVd A-1 and CbVd A-2 were dimerized and cloned in a head-to-tail orientation in plasmid pTdT7-1ac in order to produce infectious (+) RNA dimers as described in Methods. When in vitro-synthesized dimeric CbVd A-1 (+) RNA was bioassayed, CbVd A-1 accumulated in all inoculated Coleus blumei plants of cv. 'Scarlet Dragonfly' after 3 weeks. When in vitro-synthesized dimeric CbVd A-2 (+) RNA was used, CbVd A-2 accumulated in all inoculated plants after 3 weeks. The sequence stability of CbVd A-1 and CbVd A-2 was proven by cloning and sequencing viroid RNA isolated from the infected Coleus plants. No sequence heterogeneity of these sequences compared with the original CbVd A-1 and CbVd A-2 sequences could be detected. CbVd A-1 and CbVd A-2 caused stunting symptoms similar to those caused by the other Coleus blumei viroids CbVd I, CbVd 2 and CbVd 3 (Spieker et aI., 1996) . --~ 250 Fig. 4 . Nucleotide sequence and secondary structure of CbVd A-I and CbVd A-2 compared with the 'virtual' circular molecules of CbVd-Chl and CbVd-Ch2. Both CbVd A-I and CbVd A-2 show two U to A transitions and a deletion of a sequence segment located at the border of the fused elements CI/DI and C2/D2. CbVd A-2 differs from CbVd A-I by a single additional A. The domains of CbVd A-I and CbVd A-2 are shown according to Keese & Symons (I 985) .
Discussion
viroid-free plants of cv. 'Ruhm von Luxemburg' available, it is not known whether their inoculation with the transcripts of CbVd-ChI and CbVd-Ch2 would lead to the emergence of viroid-like RNA molecules. Whether there exists a cultivarspecific influence on the in vivo evolution of CbVd A-I and CbVd A-Z remains to be tested. The high potential speed of viroid evolution leading to the high regenerative capacity of the mutation-selection-amplification process of the viroid was previously emphasized by Branch eta[. (I993) and is proven again in this study. The main event in the evolution of CbVd A-1 and CbVd A-2 seems to be the deletion of a segment from CbVd-Chl and CbVd-Ch2 in a way that does not disturb the rod-like secondary structure (S~inger et aI., I976) . As has been discussed by Wassenegger et aL (I994) , the maintenance of the presumed viroid-specific native secondary structure is evidently an essential prerequisite for the replicability and survival of these small RNA replicons. The findings presented here demonstrate that the presumed rod-like secondary structure may be important for the life cycle of members of the Coleus blumei viroid group as well. 
